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Abstract

Diamond-reinforced FeNiCrCuAl high-entropy alloys were fabricated by spark plasma sin-
tering with 7 wt.% diamond. Titanium and chromium coatings were deposited on diamond
surfaces via vacuum micro-evaporation, forming carbide coatings. FeNiCrCuAl HEA powders
synthesized by gas atomization consist of a BCC solid solution phase and an AINi phase. An
FCC phase was observed in the SPS samples. Graphite phase was detected in the diamond-
containing samples. The diamond surface coating significantly reduces the concentration of
the graphite phase in the HEA matrix and contributes to the formation of metallurgical
bonding between diamond and HEA matrix. Uncoated diamonds enhanced matrix hardness
from 432.4 to 479.7 HV ¢ 5 through solid solution strengthening. Ti-coated diamonds exhibited
optimal interfacial bonding, preserving bending strength at 410.0 MPa. Wear failure modes
involved diamond spalling and matrix abrasion. Notably, Cr-coated diamond/HEA demon-
strated superior wear resistance with an average friction coefficient of 0.15, attributed to
thicker carbide-rich transition layers.
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1. Introduction

High-entropy alloys (HEAs) are typically charac-
terized by the inclusion of five or more alloying ele-
ments in equiatomic or near-equiatomic proportions.
This multi-component composition leads to a rela-
tively high mixing entropy [1]. To reduce the free en-
ergy of the system, the alloy favors forming stable
solid solutions [2]. Consequently, the number of phases
present in HEAs is significantly lower than the max-
imum number of equilibrium phases predicted by the
Gibbs phase rule for alloy systems. The differences
in atomic size, electron affinity, and chemical bond
strength, which arise from the multi-component com-
position, lead to a large number of defects and hetero-
geneous interfaces within the microstructure of HEAs
[3, 4]. All of these factors impede atomic diffusion. The
sluggish diffusion effect in HEAs is beneficial for the
development of grains that exhibit smaller sizes and
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more complex geometries [5], thereby endowing HEAs
with exceptional high-temperature strength and sta-
bility. The lattice distortion induced by numerous de-
fects, including vacancies, dislocations, and intersti-
tial or substitutional atoms, disrupts the equilibrium
state among atoms [6, 7]. These distortions contribute
to lattice twists, elevate potential energy, inhibit the
sliding deformation of dislocations, and ultimately en-
hance the mechanical strength and hardness of the
HEA microstructure [8]. Common alloying elements
incorporated into HEAs may include metallic elements
with relatively low melting points, such as Fe, Co, Ni,
and Cr, as well as those with high melting points, such
as W, Mo, and V, and even non-metallic elements like
C, B, and Si [9-15]. Through the intricate interac-
tions among alloying elements and their atomic-scale
coordination, various effects can be imparted on the
microstructure of HEAs, thereby playing a significant
role in enhancing the strength, wear resistance, cor-
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rosion resistance, and high-temperature performance
[16-19].

Diamond has the characteristics of high hard-
ness and wear resistance [20]. Often referred to
as “industrial teeth”, it is widely used in grind-
ing tools, geological exploration, gem processing,
and national defense industries. Common metal-based
binders for diamonds include Cu-Sn-Ti, Ni-Cr, Fe-Ni-
-Cu-Sn, etc. [21-24]. Typically, diamond tools are fab-
ricated through cold-pressing or hot-pressing sintering
methods. However, the low sintering temperatures of-
ten result in the presence of numerous voids within
the sintered samples. This condition can lead to the
formation of defects, such as intermetallic compounds
and interstitial phases, which are detrimental and ad-
versely affect the structural stability of the diamond
particles [25, 26]. Additionally, the constraints im-
posed by the alloy composition can result in significant
fluctuations in expansion and contraction within the
metal matrix when the cutting linear velocity of the
diamond tool is excessively high [27]. This may lead
to various failure modes, including chipping of cut-
ting edges, thermal cracking, and plastic deformation
of the diamond tool. The phase composition of HEAs
primarily consists of solid solutions with simple struc-
tures [28]. The high-entropy effect inhibits the forma-
tion of brittle phases, such as intermetallic compounds
in alloy microstructure, thereby enhancing the reten-
tion of diamond particles. Furthermore, HEAs exhibit
superior hardness and wear resistance compared to
conventional diamond binders, along with enhanced
high-temperature strength and stability [29]. This can
mitigate the occurrence of cracks or plastic deforma-
tion in diamond tools, which are typically induced by
thermal expansion during high-speed cutting, thereby
extending the service life of diamond tools. However,
the substitution of conventional metal-based binders
with high-entropy alloys (HEAs) presents several chal-
lenges. Notably, the elevated melting points associated
with the preparation of HEAs and the potential al-
teration of diamond particle morphology due to the
presence of elements such as iron (Fe), cobalt (Co),
and nickel (Ni) within the HEAs may adversely af-
fect the cutting ability of the diamond particles [30,
31]. In the present study, metal coatings were applied
to the surface of diamond particles utilizing a vac-
uum micro-evaporation coating technique. The appli-
cation of these coatings serves to prevent direct con-
tact between the diamond particles and the HEAs,
thereby facilitating the formation of a more robust
metallurgical bond between diamond and HEA ma-
trix. To elucidate the role of diamond surface coat-
ings, this experiment produced diamond/HEA com-
posites, Ti-coated diamond/HEA composites, and Cr-
coated diamond/HEA composites through SPS, re-
spectively, with the diamond mass fraction of 7 wt.%.
The study analyzed the impact of diamond surface

Fig. 1. SEM images of FeNiCrCuAl high-entropy alloy
powders (a), Ti-coated diamond (b), and Cr-coated dia-
mond (c).

coatings and the methods of combining diamond par-
ticles with HEAs on the microstructure, mechanical
properties, and wear resistance of the diamond/HEA
composites, to identify the optimal processing condi-
tions for FeNiCrCuAl HEA /diamond composites.
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Fig. 2. XRD patterns of FeNiCrCuAl high-entropy alloy
powders (a), and diamond coatings (b).

2. Materials and methods

2.1. Preparation and characterization of raw
materials

The FeNiCrCuAl HEA powder, characterized by
an equal atomic ratio, was synthesized through gas
atomization using pure metal powders of iron (Fe),
nickel (Ni), chromium (Cr), copper (Cu), and alu-
minum (Al), each exceeding 99.99 wt.% purity. The al-
loy powder had particle sizes ranging from 35 to 70 pm
and an equal atomic ratio. As depicted in Fig. la,
the average particle size of the resultant spherical
HEA powder is approximately 60 um. Fig. 2 presents
the diffraction pattern of the FeNiCrCuAl HEA pow-
der. The spherical powder produced via gas atom-
ization demonstrates effective metallurgical bonding
among the alloy constituents. The Body-Centered Cu-
bic (BCC) structure solid solution phase and the AINi
phase were detected in the phase components of the
pre-alloyed powder.

Ti and Cr coatings were applied to the surface of
standard HWD5 synthetic diamond (average particle
size is 70-80 mesh, provided by the Yellow River Cy-
clone), prepared using a vacuum micro-evaporation
coating process, as illustrated in Fig. 3. The metal
powders of Ti and Cr, both with a purity exceeding

Diamond Particles .

Coated power ‘4

Fig. 3. Schematic diagram of the vacuum micro-evapora-
tion coating process flow for diamond particles.

99.99%, were initially mixed with a hydrochloric acid-
ethanol solution to activate the metal powders for the
preparation of the coating powder. Subsequently, the
diamond particles were thoroughly combined with the
coating powder (the mass ratio is 5:1) in a corundum
mortar. The resulting mixed powder was then loaded
into a graphite crucible for the coating process. A 2—
3 mm thick layer of coated powder was applied above
and below the diamond mixture to establish a coating
atmosphere under high-temperature conditions. The
coating was conducted in a vacuum environment at a
temperature of 850°C, with a holding time of 2 hours.
The following chemical equation outlines the carbide
reaction of Ti and Cr under atmospheric pressure,
along with the initial reaction temperature:

C + Ti — TiC about 900°C, (1)
2 C + 3 Cr — Cr3Cs about 1100°C, (2)
3C+7Cr— Cr;Cs about 1130°C, (3)
6 C + 23 Cr — Crz3Cq about 650°C. (4)

According to the reaction temperature of Ti and Cr
elements with C under the specified atmospheric pres-
sure conditions, the experimental coating process was
conducted at a temperature of 850°C. At this tem-
perature, the theoretical reaction temperature for the
formation of titanium carbide from Ti and C has not
been achieved. Consequently, the majority of Ti that
is absorbed onto the diamond surface is expected to
exist in the form of pure metallic titanium rather than
as a carbide. In contrast, Cr and C elements will react
rapidly to form Crq3Cg at approximately 650 °C. How-
ever, Cra3Cg cannot exist stably at elevated tempera-
tures; thus, it gradually decomposes when the envi-
ronmental temperature exceeds 850°C. As the tempe-
rature increases to around 1100°C, all Cry3Cg carbides
decompose and transform into Cr3Csy and Cr;Cjz car-
bides. At the coating temperature of 850°C in this ex-
periment, the theoretical formation temperatures for
Cr3Cs and Cr;C;3 carbides have not been reached.
Therefore, the carbides resulting from the reaction be-
tween Cr and C are expected to predominantly exist
as Cro3Cg. As illustrated in Fig. 2, the XRD pattern of
the coated diamond reveals the presence of Crz3Cs and
Cr7C3 carbide phases in the reaction products of the
Cr-coated diamond. Furthermore, the diffraction peak
corresponding to Crg3Cg carbides was not detected
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in the XRD pattern of the Cr-coated diamond, sug-
gesting that Cra3Cg carbides have decomposed under
these temperature and low-pressure conditions. Han et
al. [32] successfully synthesized SiC refractory carbides
at a temperature of 1200°C using a low-pressure car-
bothermal shock reduction method. They noted that
the low-pressure environment reduces the Gibbs free
energy of the overall reaction, thereby allowing the ini-
tial temperature of the carbonization reaction to shift
to a lower temperature range. In our experiment, the
low-pressure conditions established through the vac-
uum micro-evaporation coating process effectively en-
abled the synthesis of TiC, Cr3Cs, and Cr;Cs from
the reaction of Ti and Cr with C at a temperature of
850°C, thereby decreasing the energy required for the
carbonization reaction.

As illustrated in Figs. 1b,c, a continuous and uni-
form coating was successfully formed on the surface of
the diamond through the vacuum micro-evaporation
coating process. Notably, there was minimal exposure
of the diamond substrate, indicating a lack of coat-
ing defects such as shedding or bare areas. Figure
2b presents the XRD patterns for Ti-coated diamond
and Cr-coated diamond, both of them detected high-
intensity diamond peaks at 43.9° and 75.3°. TiC car-
bide peaks were detected at 35.9° and 41.8° in the
XRD pattern of the Ti-coated diamonds. Cr;C3 and
Cr3Cs carbide peaks were detected in the XRD pat-
tern for the Cr-coated diamonds. The presence of Ti
and Cr metallic elemental peaks was also detected on
the surfaces of the diamonds. The low-pressure en-
vironment during coating facilitates the formation of
a favorable atmosphere around the diamond particles
[33]. Furthermore, this environment reduces the Gibbs
free energy associated with the reaction between ti-
tanium and chromium with carbon atoms, thereby
promoting the formation of stable carbides. In short,
these factors enhance the in-situ formation of carbide
coatings on the diamond surfaces. The appearance
of carbide peaks proves that a robust metallurgical
bond has been established between the metal powder
and diamond particles through bidirectional diffusion
during the vacuum micro-evaporation coating process
conducted at 850°C.

2.2. Preparation of FeNiCrCuAl
HEA /diamond composites

FeNiCrCuAl HEA powders were combined with di-
amond, Ti-coated diamond, and Cr-coated diamond
particles (each with a particle size of approximately
170 um) at a mass fraction of 7wt.% to fabricate
HEA /diamond composite samples. The preparation
flow chart is illustrated in Fig. 4. A planetary ball
mill machine was employed to mill the mixture of dia-
mond particles and HEA powder by wet ball milling.
During the mixing process, anhydrous ethanol was
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Fig. 4. Schematic diagram of the preparation process for
FeNiCrCuAl HEA /diamond composites.

used as a grinding medium. An additional 5wt.%
of anhydrous ethanol, relative to the total mass of
the FeNiCrCuAl HEA and diamond mixed powder,
was added. The milling was conducted at a speed
of 300rpm for 2 hours. The mass ratio of corun-
dum spheres to mixed powder was set at 10:1. Sub-
sequently, the uniformly mixed powder was placed
into a graphite mold with a diameter of 25 mm, and
then dried in a constant temperature drying oven at
80°C for 5 hours to eliminate any residual anhydrous
ethanol from the mixed powder. This powder was then
heated up to 1000°C using a spark plasma sintering
equipment (SPS-30, Chenxin Weike Industrial Tech-
nology Co. Ltd., Ningbo), following a specific heating
rate (below 600 at 100°C min~'; from 600 to 900°C at
50°C min~'; and from 900 to 1000°C at 25°C min~!).
After reaching the designated temperature, the sam-
ples were held for 10 minutes to complete the sinter-
ing process. A uniaxial pressure of 30 MPa was applied
during sintering to enhance the density of the samples.
The low voltage and high current heating method of
SPS facilitated the attainment of relatively high tem-
peratures within a short timeframe. Throughout the
heating process, thermocouples and infrared tempe-
rature measurement devices were utilized to monitor
the temperature within the graphite cavity, ensuring
that excessive melting of the metal matrix did not oc-
cur due to excessively high temperatures, which could
result in an uneven distribution of diamond particles
within the FeNiCrCuAl HEA.

2.3. Microstructure and performance
characterization

FeNiCrCuAl HEA /diamond composites were sub-
jected to surface preparation using silicon carbide
sandpapers of mesh sizes 400, 600, 800, and 1000 to
eliminate the graphite layer formed during the sin-
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tering process. The initial polishing of the sample
surfaces aimed to achieve a complete and continuous
surface. Subsequently, the samples underwent further
polishing with a 2000-mesh diamond polishing plate.
Flexural strength test samples were then cut from the
25 mm diameter samples using a DK7735 CNC wire-
cutting machine (Aier CNC Machine Tools, Taizhou,
China), ensuring that the strips exceeded a length of
12 mm. The cutting surfaces of these strips were pol-
ished to mitigate the risk of fractures due to stress
concentration, which could arise from surface grooves
or cracks. The crystal structure of the samples was
analyzed using a Ultimal IV multifunctional X-ray
diffractometer (Rigaku Corporation, Tokyo, Japan),
employing Cu Ka diffraction lines. The scanning pa-
rameters included a speed of 10°min~!, a scanning
range from 10° to 90°, a working voltage of 40kV,
and a working current of 20 mA. To investigate the
microstructure and compositional distribution of the
samples, a ZEISS Gemini SEM 360 field emission scan-
ning electron microscope equipped with an Aztec X-
Max 90 energy dispersive spectroscope (EDS) man-
ufactured by Oxford Instruments (Oxford, UK). The
hardness of the metal matrix within the composite
materials was assessed using the HVS-1000 Vickers
microhardness tester (Shangcai Testermachine Co.,
Ltd., Shanghai, China), with an applied load of 500 g
and a testing duration of 15 seconds. To minimize er-
rors attributable to human factors during the mea-
surement process, hardness measurements were con-
ducted within a 500 pm range around the diamond
particles, and the average value was calculated from
multiple measurements taken in each test area. The
flexural properties of the samples were evaluated us-
ing an Instron 3369 universal testing machine (Instron
Testing Equipment Trading Co., Ltd., Boston, USA)
via the three-point bending method. The aspect ratio
of the longitudinal section of the tested samples was
maintained at 1.5:1, with a fulcrum span of 9 mm.
The friction and wear characteristics of the samples
were examined using the MFT-R4000 reciprocating
friction and wear tester (Lanzhou Huahui Instrument
Technology Co., Ltd., Lanzhou, China), applying a
test load of 30N, a sliding speed of 3 mmin~!, and a
test duration of 30 minutes. A SizNy ceramic ball (¢ =
6 mm) served as the friction pair, and the wear mor-
phology and area of the friction surface of the SigNy
ceramic balls were observed later.

3. Results and discussion
3.1. Microstructure and phase analysis
Figure 5 illustrates the XRD patterns of FeNiCr-

CuAl HEA /diamond composites, which incorporate
various coated diamonds alongside the FeNiCrCuAl
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Fig. 5. XRD patterns of FeNiCrCuAl high-entropy alloy
composites with differently pretreated diamonds.

HEA matrix. The data presented in the figure indi-
cate that the microstructure of the FeNiCrCuAl HEA
underwent a transformation from a BCC solid solu-
tion phase to a face-centered cubic (FCC) solid so-
lution phase following sintering at 1000°C. Notably,
both BCC and FCC dual-phase solid solution struc-
tures coexist within the microstructure of the FeNi-
CrCuAl HEA. Furthermore, the XRD diffraction pat-
terns of each sample revealed the presence of metal
phases enriched in aluminum (Al) and nickel (Ni) ele-
ments. Previous studies on HEAs containing Al and Ni
suggest that this metal phase corresponds to an inter-
metallic compound with an L1 structure. When dia-
mond particles were added to FeNiCrCuAl HEA, the
dominant and subdominant diffraction peaks of the
diamond were observed at diffraction angles of 43.9°
and 75.3°, respectively. Additionally, the peak posi-
tions of the FCC and BCC phases exhibited a shift to
lower angles across all samples. This shift may be at-
tributed to the diffusion of carbon atoms from the di-
amond surface or metal atoms from the diamond sur-
face coating into the solid solution of the FeNiCrCuAl
HEA matrix. The XRD peak offsets in the FeNiCr-
CuAl HEA with Cr-coated diamonds displayed slight
variations compared to those with uncoated diamonds
and Ti-coated diamonds. It has been proved that Ti
atoms deposited on the surface of diamonds also con-
tribute to lattice distortion, in addition to the solid
solution of carbon atoms within the microstructure of
the HEAs. A graphite phase was detected in the FeNi-
CrCuAl HEA samples containing uncoated diamonds,
which is attributed to the graphitization of diamonds
during the sintering process. Both Cr in the FeNiCr-
CuAl HEA and Ti on the diamond surface are known
to be carbide-forming elements, capable of reacting
with carbon atoms to form carbides such as TiC and
Cr3Cs [34, 35]. However, the XRD diffraction patterns
of the FeNiCrCuAl HEA with added coated diamonds
did not reveal any significant peaks corresponding to
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Fig. 6. SEM images and EDS patterns of FeNiCrCuAl high-entropy alloy composites with differently pretreated diamonds:
(a) uncoated diamond, (b) Cr-coated diamond, (c¢) Ti-coated diamond.
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graphite or carbide phases. This absence may be ex-
plained by the diamond surface coating, which isolates
direct contact between diamond and the HEA matrix.
This impedes diamond graphitization and carbon dif-
fusion into the matrix. Consequently, only a minimal
amount of carbon diffused into the HEA matrix, and
the formed graphite or carbide phases are too insignif-
icant to be detected. This observation indirectly sug-
gests that the coating on the diamond surface effec-
tively regulates the diffusion of carbon elements when
diamonds are incorporated into the HEA matrix.
Figure 6 presents the scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS)
patterns of the interface between diamond particles
and HEAs in FeNiCrCuAl HEA/diamond compos-
ites, incorporating diamond, Cr-coated diamond, and
Ti-coated diamond, respectively. The FeNiCrCuAl
HEA /diamond composites prepared via SPS exhibit a
robust metallurgical bond. The carbon atoms present
on the surface of the diamond facilitate the enrich-
ment of chromium (Cr) near the diamond particles.
In the FeNiCrCuAl HEA matrix, uncoated diamond
particles form a chromium transition layer with an av-
erage thickness of approximately 12 um, whereas the
transition layers formed by Ti-coated and Cr-coated
diamond particles measure about 6 and 8 um, respec-
tively. The uncoated diamond particles contribute a
greater number of carbon atoms to the HEA ma-
trix during the sintering process, leading to a no-
table increase in the thickness of the chromium tran-
sition layer on the diamond surface. As illustrated
in Fig. 6a, a significant interfacial gap is observed
between FeNiCrCuAl HEA and diamond in the di-
amond/HEA composites, indicating that the bond-
ing mechanism between diamond and HEA matrix is
predominantly mechanical fitting. Conversely, in the
presence of Ti-coated and Cr-coated diamond parti-
cles within the FeNiCrCuAl HEA, the barrier layer
on the diamond surface eliminates the noticeable in-
terfacial gap at the bonding interface, resulting in a
tighter metallurgical bond between diamond and HEA
matrix. Notably, the edges of the diamond particles
remain integrity after sintering, with no evidence of
erosion caused by high-temperature graphitization.
The results obtained from Energy Dispersive Spec-
troscopy (EDS) indicate that in diamond /FeNiCrCuAl
HEA composites, there is a notable diffusion of car-
bon elements into the HEA matrix in proximity to the
diamond particles. In the coated diamond/HEA com-
posites, although diffusion of carbon elements into the
HEA matrix also occurs, the concentration of carbon
atoms that diffuse into the HEA is significantly re-
duced due to the presence of a barrier layer on the
surface of the diamond. A uniform and continuous
carbide coating is established on the diamond sur-
face through the vacuum micro-evaporation coating
process. This coating serves a dual purpose: it pre-

vents direct contact between elements that facilitate
diamond graphitization, such as iron, cobalt, nickel,
and diamond particles, thereby diminishing the extent
of diamond graphitization at elevated temperatures.
Additionally, the diffusion barrier effect of titanium
or chromium coatings adhered to the diamond surface
effectively impedes the migration of free carbon atoms
from the diamond surface into the HEA matrix [36].
The carbon atoms that partially penetrate the dia-
mond surface coating attract the carbide-forming ele-
ment chromium in the HEA matrix, leading to an en-
richment of chromium near the diamond particles form
a transition region around diamond particles. Both the
diamond surface coating and the chromium transition
region restrict the diffusion of carbon atoms from the
diamond surface to the HEA matrix. It can be seen
from the EDS element distribution pattern that in the
bonding area between diamond and HEA, there are
only the elements of the diamond surface coating and
the Cr element, while there is almost no diffusion of
other alloy elements in the HEA (such as Fe, Co, Ni,
etc.) towards the diamond interface. The synergistic
effect of the coating on the diamond surface and the
chromium transition layer in obstructing the mutual
diffusion of elements between diamond and HEA is
the primary factor that ensures the preservation of
the complete morphology of the diamond particles.
Figure 6¢ illustrates the Energy Dispersive Spec-
troscopy (EDS) element distribution diagram for the
FeNiCrCuAl HEA with the addition of Ti-coated di-
amond particles. It is apparent that the titanium
present on the surface of the Ti-coated diamond parti-
cles diffuses into the HEA matrix, exhibiting a gradi-
ent decrease in concentration. The atomic radius and
thermal expansion coefficient of each element within
the sample are provided in Table 1. The titanium
atoms with a relatively large atomic radius, diffuse
into the HEA matrix, resulting in the formation of
a substitutional solid solution, which enhances the
strength of the metallic framework composed of the
HEA in proximity to the diamond particles. During
the prolonged heat preservation stage of the vacuum
micro-evaporation coating process, the coating grad-
ually diffuses toward the diamond surface, where it
interacts with the carbon atoms present on the dia-
mond surface to form carbides. This interaction results
in a more robust bond between diamond particles and
HEA, thereby mitigating the crack defects that may
occur at the interface due to discrepancies in ther-
mal expansion coefficients. Furthermore, the carbide
alloying elements within the FeNiCrCuAl HEA oc-
cupy the interface gaps created by the semi-coherent
interface connection, which arises from the differing
lattice structures between diamond and HEA by con-
tinuously growing on the surface of diamond coating
[37, 38]. This process facilitates the formation of a
tighter metallurgical bond between diamond particles
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Table 1. The atomic radius and thermal expansion coefficient of each element

Element C Fe Ni Cr Cu Al Ti

Thermal expansivity (107¢/°) 08 ~1.1 11.8 13.4 4.9 16.5 23.1 8.6

Atomic radius (pm) 7 126 124 130 128 143 147
600 8.0 diamond, and Cr-coated diamond, respectively. The
550 -E:;i?;ss (a), 78 densijcy of the ]?‘eNiCrCuAl HEA measureii by the
500 479.7 4085 443 ]7¢ Archimedes drainage method is 7.25 gcm 3, Upon
‘E 450 4324 lg4€ the addition of 5 wt.% of diamond particles with dif-
; 400 . 7'2 g ferent pretreatments to the HEA, the density of the
; 380F P 1“9 composites decreases to different extents. Specifically,
@ 2 the densities of the FeNiCrCuAl HEA with the addi-
5 = tion of Ti-coated diamond and Cr-coated diamond are
H 8 4.54 and 7.19 gcm ™3, respectively. The minimal den-
e sity difference between titanium and diamond, along
with the thinner coating thickness on the surface of the
Ti-coated diamond leads to a few volume fractions of

)
[=1]
[=]
(=]
T

572.8 (b)

M
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Fig. 7. Hardness and density of the high-entropy alloy ma-
trix and composites (a) and flexural strength of the high-
-entropy alloy matrix and composites (b).

and HEA, thereby enhancing the retention capability
of the FeNiCrCuAl HEA matrix for the diamond.

3.2. Mechanical properties
3.2.1 Hardness and bending strength

The density of the samples was measured using
the Archimedes drainage method. Due to the den-
sity difference between diamond and HEA (the den-
sity of diamond is 3.52gcm ™3, and the theoretical
density of FeNiCrCuAl is 7.85gcm™?), the diamond
with lower density was incorporated into the FeNiCr-
CuAl HEA matrix. Consequently, the resulting FeNi-
CrCuAl/diamond composites exhibit a lower density
than FeNiCrCuAl HEA. Figure 7a shows the hardness
and density of the HEA matrix, diamond, Ti-coated

Ti attached to the surface of diamond particles. The
density of composites containing Ti-coated diamond
is approximate to that of composites with uncoated
diamond. In contrast, chromium can combine with
carbon atoms to form various carbides. As the tem-
perature increases, these carbides ultimately develop
into a thicker coating on the diamond surface. Fur-
thermore, the significant density difference between
chromium and diamond results in a marked increase
in the density of Cr-coated diamond composites com-
pared to those with Ti-coated diamond composites.
For the diamond/FeNiCrCuAl HEA composites pre-
pared in this work, the hardness properties are primar-
ily influenced by the strengthening effects of the dif-
ferent diamond coatings incorporated into the FeNiCr-
CuAl HEA matrix, including solution strengthening,
dispersion strengthening, lattice distortion, etc. The
addition of diamond particles enhances the hardness
properties of the FeNiCrCuAl HEA, however, there
are slight differences in the effect of different coated
diamond particles on the hardness properties of the
HEAs. Notably, uncoated diamond particles yield the
most significant improvement in the hardness proper-
ties of the FeNiCrCuAl HEA matrix. Analysis of the
elemental distribution results, as depicted in Fig. 6, in-
dicates a higher concentration of carbon atoms within
the matrix of the diamond/HEA composite that lacks
coating. This increase is primarily attributed to the
diffusion of free carbon atoms generated by the graphi-
tization of diamond particles during the sintering pro-
cess. The carbon atoms with a small atomic radius,
diffuse into the interstitial positions of the solid solu-
tion within the HEA matrix, resulting in lattice distor-
tion in the microstructure of FeNiCrCuAl HEA. The
dispersion of Cr3Cs, Cr;Cg, and other carbides formed
through the interaction with the carbide-forming el-
ement chromium in FeNiCrCuAl HEA impedes the
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migration and plastic deformation of dislocations,
thereby significantly enhancing the hardness of the
FeNiCrCuAl HEA matrix. In the case of diamond par-
ticles pre-coated with titanium and chromium, the
coatings on the diamond surface impede the diffu-
sion of carbon atoms generated by graphitization into
the FeNiCrCuAl HEA matrix. Consequently, the con-
centration of carbon atoms within the FeNiCrCuAl
HEA substrate is substantially diminished, thereby
weakening the strengthening effects associated with
solid solution strengthening and lattice distortion
due to carbon atom diffusion. Nevertheless, in the
coated diamond/FeNiCrCuAl HEA composites, the
metal atoms and carbides present in the diamond sur-
face coatings diffuse into the HEA substrate, form-
ing substitutional solid solutions and carbide disper-
sion strengthening, which also contributes to the en-
hancement of the hardness performance of the FeNiCr-
CuAl HEA matrix. Combined with the XRD pattern
of the Cr-coated diamond, as illustrated in Fig. 2b,
reveals more obvious peaks corresponding to carbides
in the Cr-coated diamond composite, indicating a
greater availability of carbide particles to the FeNi-
CrCuAl HEA substrate and a more significant car-
bide dispersion-strengthening effect compared to the
Ti-coated diamond composite.

Figure 7b illustrates the three-point flexural
strength of the diamond/FeNiCrCuAl HEA compos-
ites. The flexural strength of the FeNiCrCuAl HEA
reaches 572.8 MPa, however, the addition of diamond
particles into the HEA leads to varying degrees of
reduction in flexural strength. Specifically, the flex-
ural strength of the Ti-coated diamond/FeNiCrCuAl
HEA composite is measured at 410.0 MPa. In com-
parison, the flexural strength of the Cr-coated di-
amond/FeNiCrCuAl HEA composite decreases to
374.4 MPa. Furthermore, the flexural strength of the
diamond/FeNiCrCuAl HEA composite further dete-
riorated and dropped to 329.6 MPa. The introduc-
tion of diamond particles increases the area of the
heterogeneous interface within the FeNiCrCuAl HEA
matrix. The bonding strength between diamond and
FeNiCrCuAl HEA is inferior to the strength gener-
ated by the alloying of HEA powders. As a result,
the diamond/HEA composite is more likely to frac-
ture at the diamond-enriched interface, which con-
tributes to a reduction in the composite’s flexural
strength. The coating applied to the diamond sur-
face enhances the bonding strength between diamond
and HEA matrix, thereby forming a more stable met-
allurgical bond between diamond and FeNiCrCuAl
HEA. In the bonding transition region between the
Cr-coated diamond and FeNiCrCuAl HEA, the ex-
cessively thick chromium transition region contains
a higher concentration of carbide particles. Addition-
ally, the mechanical strength of the Cr-rich region is
lower than that of the FeNiCrCuAl HEA solid so-

Fig. 8. SEM images of the fracture surfaces of high-entropy
alloy composites with differently pretreated diamonds.

lution, which accounts for the observed lower flexu-
ral strength of the Cr-coated diamond/HEA compos-
ite compared to that of the Ti-coated diamond/HEA
composite.

Figure 8 shows the SEM image of the fracture sur-
face of the diamond/HEA composites with different
pretreatments. Judging from the fracture morpholo-
gies of the diamond/FeNiCrCuAl HEA composites,
the fracture surfaces of the FeNiCrCuAl HEA with
diamond and Cr-coated diamond added are relatively
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Table 2. The number of diamonds and vacancies on the fracture surfaces of high-entropy alloy composites with differently
pretreated diamonds.

Type Diamond Ti-coated diamond Cr-coated diamond
Diamond particle count 17 10 16
Vacancy number 12 3 6
Vacancy rate (%) 41.4 23.1 27.3
flat, while the fracture surface of the FeNiCrCuAl
HEA with Ti-coated diamond added exhibits more 05F
serrated protrusions and has better toughness than
the other two diamond/HEA composites. From the _5 04}
fracture morphology, the effect of diamond surface g
coating on enhancing the retention ability of the HEA < 03}
matrix on diamond particles can be more intuitively .E
demonstrated. Table 2 shows the vacancy rates of dia- 202k
mond particles on the fracture surfaces of three types E
of diamond/HEA composites. A significant number of Soal -
pits, resulting from the detachment of diamond par- o :qumx
ticles from the fracture surface, were observed on the 0.0k ——TiD5
fracture surface of the uncoated diamond/HEA com- . : - ; g ——CrD5
posite. The vacancy rate, calculated as the ratio of the 0 300 600 900 1200 1500 1800

number of vacancies to the total number of diamonds
on the fracture surface was 41.4 %. In contrast, the va-
cancy rates for the fracture surfaces of Ti-coated dia-
mond and Cr-coated diamond/HEA composites were
23.1 and 27.3 %, respectively. The metal coating on
the diamond surface creates a multi-layer structure
of diamond-carbide-Cr transition layer- HEA at the
bonding interface between FeNiCrCuAl HEA and di-
amond. This multilayer interface effectively fills the
interface gap between diamond and HEA, mitigates
the impact of non-metallurgical bonding associated
with the semi-coherent interface present between di-
amond and HEA matrix, significantly enhances the
bonding strength between diamond and FeNiCrCuAl
HEA, and reduces the possibility of diamond parti-
cles detaching from the fracture surface. The titanium
coating layer applied to the surface of diamond parti-
cles effectively reduces the thickness of the chromium
enrichment region, which results from the diffusion
of carbon atoms in proximity to the diamond par-
ticles. This reduction facilitates the incorporation of
HEA solid solutions with enhanced strength around
the diamond, thereby creating a robust metallic frame-
work that improves the retention capacity of the dia-
mond particles. However, when compared to the bond-
ing strength achieved through the metallurgical bond-
ing of alloying elements within the FeNiCrCuAl HEA
matrix, the bonding strength between diamond and
HEASs remains inadequate. This deficiency renders the
interface between diamond and HEAs more suscepti-
ble to fracture under applied stress. Additionally, the
presence of body-centered cubic (BCC) solid solution
phases, intermetallic compounds, and other hard and
brittle phases within the Cr-enrich region on the sur-

Time (s)

Fig. 9. Friction coefficients of diamond/FeNiCrCuAl high-
-entropy alloy composites with differently pretreated dia-
monds and FeNiCrCuAl high-entropy alloy.

face of the diamond particles contributes to the for-
mation of a transition layer, which exacerbates stress
accumulation in the vicinity of the diamond particles.
Consequently, the diamond composite is predisposed
to experience brittle fracture on the surfaces where
the diamond particles are concentrated.

3.2.2. Friction and wear properties

The primary forms of material wear failure are clas-
sified as abrasive wear and adhesive wear [39]. For di-
amond /FeNiCrCuAl HEA composites, the predomi-
nant causes of wear failure include the peeling of di-
amond particles and matrix wear. Figure 9 illustrates
the results of friction and wear experiments conducted
on FeNiCrCuAl HEA with varying pretreatments of
diamond particles, as well as on FeNiCrCuAl HEA.
Table 3 shows the average friction coefficients of the
diamond/FeNiCrCuAl HEA composites at different
stages of the friction and wear experiments. The fric-
tion coefficient curve indicates that FeNiCrCuAl HEA
exhibits commendable wear resistance. After 300 sec-
onds of testing, the friction coefficient stabilizes, yield-
ing an average value of 0.42. In comparison, the addi-
tion of diamond particles into the FeNiCrCuAl HEA
significantly reduces the friction coefficient of the com-
posite. The presence of diamond particles enhances
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Table 3. Average friction coefficient and wear area of SigsNy4 ball in different periods in friction and wear tests

Average coefficient of friction

Sample Wear area

0-1800 s 300-600 s 900-1800 s
Matrix - 0.42 0.41 0.43
D 0.60 0.18 0.17 0.17
TiD 0.72 0.17 0.19 0.15
CrD 0.86 0.15 0.19 0.12

the wear resistance of the composite, which subse-
quently becomes the primary component subjected to
wear after the relatively thin HEA substrate under-
goes surface wear during the friction process. The fric-
tion coefficient of diamond/FeNiCrCuAl HEA com-
posites experiences a rapid decline following the ma-
trix wear phase. The superior cutting ability of the
diamond particle edges contributes to the accelerated
wear of the SizNy4 ball, resulting in considerable fluc-
tuations in the friction curve. During the wear exper-
iment phase from 300 to 600 seconds, the graphite
generated from the pyrolysis of the diamond sur-
face plays a significant lubricating role [40]. Uncoated
diamond/HEA composites demonstrate the highest
wear resistance, with an average friction coefficient of
0.17. After 900 seconds of wear testing, diamond sur-
face coatings reveal notable advantages in enhancing
the wear resistance of the composites. At this stage,
the average friction coefficient of the Ti-coated dia-
mond/HEA composite is recorded at 0.15, while the
Cr-coated diamond/HEA composite exhibits an aver-
age friction coefficient of 0.12. The thicker coating on
the surface of Cr-coated diamonds, which contains a
higher concentration of carbide particles, contributes
to the superior wear resistance of the Cr-coated dia-
mond/HEA composite.

Figure 10 illustrates the wear morphology of FeNi-
CrCuAl HEA with the addition of diamonds subjected
to various pre-treatments, following a 30-minute fric-
tion and wear test. Figures 10a—c show the sur-
face wear morphology of the diamond/FeNiCrCuAl
HEA composites. Figures 10d—f depict the wear con-
tact surface morphologies of the corresponding SizNy
balls. After undergoing a long-time friction and wear
test, the diamond/FeNiCrCuAl HEA composites ex-
hibit exposed diamond particles that interact with the
SigNy ball to bear the subsequent wear. The frictional
interaction between SizN4 balls and diamond parti-
cles is identified as the primary cause of the scratches
observed on the wear surfaces of the SizN4 balls, as
well as the detachment of diamond particles from
the HEA matrix. Pits resulting from the detachment
of diamond particles are evident on the wear sur-
faces of uncoated diamond/HEA composites. In con-
trast, the wear surfaces of the FeNiCrCuAl HEA com-
posites containing Ti-coated or Cr-coated diamonds

show minimal detachment of diamond particles. The
diamond particles are securely embedded within the
FeNiCrCuAl HEA matrix. The multi-layer transition
structure formed by the metal coating on the surface of
the diamond particles serves to bridge the gap created
by the difference in thermal expansion between dia-
mond and HEA, facilitating the formation of a more
stable metallurgical bond. Compared to ordinary dia-
mond particles, this configuration can endure greater
stress impacts without resulting in the detachment of
diamond particles. Table 3 shows the wear area of di-
amond/FeNiCrCuAl HEA composites on SizN4 balls
measured using ImageJ software.

The hardness of the FeNiCrCuAl HEA (432.4
HVy5) is significantly lower than that of the SizNy
balls (1600 HV1g), indicating that the wear amounts of
the diamond/HEA composites on Si3Ny balls are pri-
marily influenced by the cutting ability of the diamond
particles. The HEA composite with uncoated diamond
exhibits a wear area of approximately 0.60 mm? on
SigNy balls after a 30-minute friction and wear test.
In contrast, the HEA composites with Ti-coated and
Cr-coated diamonds demonstrate wear areas of 0.72
and 0.86 mm? on SizN, balls, respectively. The incor-
poration of a diamond surface coating enables the dia-
mond particles to maintain their original shape during
the sintering process. This prevents excessive blunt-
ing of the diamond particle edges due to graphitiza-
tion at elevated temperatures, thereby significantly
enhancing the cutting ability of the diamond/HEA
composite on SizN4 balls. When comparing the wear
area of the SizNy balls with the average friction co-
efficient of the diamond/HEA composites, it is ob-
served that samples exhibiting superior wear resis-
tance correspond to larger wear areas on the SizNy
balls. During the wear process involving SizN, balls
and the diamond/FeNiCrCuAl HEA composites, the
softer HEA matrix on the sample surface is worn
away first, allowing the coating on the diamond sur-
face to make initial contact with the SizIN4 balls. The
thicker chromium transition layer on the surface of the
Cr-coated diamond particles contains a higher concen-
tration of carbide particles, which possess enhanced
wear resistance. Additionally, the increased thickness
of the chromium transition layer prolongs the contact
process between diamond particles and SizNy balls,
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Fig. 10. Wear morphologies of differently pretreated diamond/high-entropy alloy composites and SisN4 balls after friction
and wear tests.

resulting in a greater amount of wear on the SizNy
balls.

4. Conclusions

Titanium and chromium coatings were applied to
the surface of diamond particles through a vacuum
micro-evaporation coating process, resulting in the
formation of in situ carbide coatings. The HEA matrix
in diamond/FeNiCrCuAl HEA composites prepared
via SPS established a robust metallurgical bond with
the coated diamond particles. Additionally, Cr enrich-
ment regions with thicknesses of approximately 6 and
8 um were observed surrounding the Ti-coated and Cr-
coated diamond particles, respectively.

The diamond surface coating reduces the density
mismatch with the HEA, increasing the overall den-
sity of the composites. Furthermore, the coatings im-
pede the diffusion of carbon atoms from the diamond
surface into the HEA substrate, thereby reducing the
solid solution and carbide dispersion strengthening
effects that typically enhance matrix hardness. Al-
though the in-situ formed carbides on the surface of
Cr-coated diamonds during the coating process con-
tribute to the hardness properties of the FeNiCrCuAl
HEA, their strengthening effect is less pronounced
compared to that of uncoated diamonds. Additionally,
the coating promotes a more stable metallurgical bond
between diamond and the HEA matrix. This compen-
sates for the reduction in bending performance caused
by gaps arising from thermal expansion mismatch.
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The average friction coefficient of the FeNiCrCuAl
HEA prepared by SPS is measured at 0.42. The ad-
dition of diamond significantly enhances the wear re-
sistance of the FeNiCrCuAl HEA matrix. Graphite
generated at elevated temperatures on the surface of
uncoated diamonds serves a lubricating function dur-
ing the initial stages of friction, resulting in a lower
friction coefficient. Under the condition of prolonged
wear, the coatings on the diamond surfaces tend to
wear away prior to the degradation of the diamond
particles themselves, thereby providing a protective
effect that preserves the integrity of the diamond par-
ticles. Consequently, the FeNiCrCuAl HEA embedded
with coated diamonds exhibits superior wear resis-
tance. Notably, the presence of thicker coatings and
an increased number of carbide particles surround-
ing the Cr-coated diamond particles contributes to
the enhanced wear resistance of the FeNiCrCuAl HEA
with Cr-coated diamonds. Furthermore, the wear ar-
eas of SigN, balls demonstrate a negative correla-
tion with the average friction coefficient of the di-
amond/FeNiCrCuAl HEA composites. Among these
composites, the Cr-coated diamond/HEA composite
exhibiting the best wear resistance corresponds to the
largest wear area observed on the SigN,4 ball.
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